Infection with herpes simplex viruses type I or 2 prevented the aggregation of 7-day-old chick heart cells into smooth, spheroidal, spontaneously beating aggregates. Virus infection also caused a loosening of peripheral cells in aggregates formed from initially uninfected cells. Measurements of rate of attachment of labelled single heart cells to a monolayer of like cells (homotypic), to HEp-2 cells (heterotypic), or to plastic substrata (nonspecific adhesion) indicated that virus infection caused a significant but differential loss of homotypic and nonspecific adhesiveness, but no alteration in heterotypic attachment rates. These observations indicate that those cell surface changes induced by viruses which are related to cell adhesion can be quantified by techniques measuring attachment rates.
INTRODUCTION
The adhesion of cells to one another and to non-cellular substrates plays an important role in a variety of biological processes, including morphogenetic movements in the embryo (Moscona, I974; Steinberg, I975; Barbera, I976) , infiltrative movements of normal and malignant cells (Weiss, 1967; Sheinin, I975; Abercrombie, I976) , and the motile and associative behaviour of cells in culture (Steinberg, I975; Gershman, Drumm & Culp, I976; McGuire & Burdick, I976; Moore, I976) .
Infection of cells with herpes simplex virus (HSV) results in changes in shape and behaviour, suggestive of surface alterations and the acquisition of new adhesive properties. Infected cells may round up and lose contact with neighbours, they may clump together, or fuse into multinucleated giant ceils (Roizman, I962; Nahmias & Dowdle, I968; Darlington & Granoff, 1973; Roizman & Furlong, 1974) . Moreover, differences in' social behaviour' of infected cells reflecting altered cell-cell adhesion have been employed to group HSV strains into different categories (Ejercito, Kieff & Roizman, I968) .
In a series of studies designed to characterize virus-cell interactions, it has been shown that HSV infection causes changes in a number of cell surface-associated properties (Nahmias, Fritz & Chang, 1972) . These include acquisition of virus antigens (Nahmias et al. I97I; Shore et al. I976) and alterations in the transmembrane potential of virus-infected cells (Fritz & Nahmias, 1972) . Recently, we have also demonstrated that HSV infection stopped spontaneous beating of embryonic chick heart cells (Batra, Nahmias & DeHaan, 976) . During the latter studies, attempts to prepare aggregates from single cell suspensions of HSV-infected cells were unsuccessful, because these cells failed to adhere to each other. Furthermore, when seeded into culture dishes the infected cells appeared to adhere and spread on the surface less rapidly than control cells. These observations led us to perform the experiments reported here and to test quantitatively the adhesiveness of infected and uninfected heart cells.
No experimental assay is available which measures directly the strength of adhesion between cells. Nonetheless, several methods are available that assess adhesive properties of cells, related either to their ability to form adhesive attachments or to maintain such adhesions once formed. For the present study, the collecting sheet technique of Walther, Ohman & Roseman (i973) was used because of its ease of application and adaptability to measurements of homotypic, heterotypic and nonspeci~c cell adhesions. In this method, the rate of attachment of labelled cells to an unlabelled cell monolayer of like cells is taken as a measure of homotypic cellular adhesiveness. We show that HSV infection reduces markedly the attachment rate of embryonic chick heart cells to a homotypic cell layer, and of nonspeci£c adhesions to plastic, but has little effect on heterotypic adhesion to cells of a different type.
METHODS
Cells. Chick heart cells were obtained from 7-day-old embryonic hearts by multiple-cycle trypsinization (DeHaan, 197o) . Cell monolayers were prepared in medium 818A containing 20 ~o medium I99 (Grand Island Biological Company, Grand Island, N.Y.) , 4 ~o foetal calf serum, 2 % heat-inactivated horse serum, and 0. 5 % gentamycin in potassium-free Earle's balanced salt solution: (expressed in mM) NaC1 I 16.0, MgSO4 0.8, NaH~PO4 0"9, CaC12 1.8, NaHCOz 26-2, and glucose 5"5. Final concentration of potassium in the medium was adjusted to I'3 mM. Dishes (35 mm diam., Falcon Plastics, Oxnard, Calif.) containing 2 ml of medium 818A, were seeded with 7"5 × I °5 cells/dish and incubated at 37 °C in a watersaturated atmosphere of 5% CO2, IO% 02 and 85~o N2. Five percent CO2 was passed through the cell aggregates, prepared from the dissociated heart cells in Erlenmeyer flasks (25 ml) containing 3 ml of medium and 5 × ~o5 cells/flask, and they were then incubated at 37 °C on a shaker gyrating at 75 rev/min (Sachs & DeHaan, I973) . After ~8 to 20 h, cultures were washed with fresh medium to remove erythrocytes and cellular debris. All chick heart cultures employed in a given test were derived from a single batch of pooled cells. HEp-2 cells were grown in Eagle's minimum essential medium supplemented with IO °/o calf serum, O'OOI ~ ferric nitrate, and I °fo sodium pyruvate.
Viruses. Cell monolayers and aggregates were inoculated with either HSV type I (VR3 strain) or type z (MS strain) at multiplicities of infection (m.o.i.) of Ioo and 20 plaqueforming units (p.f.u.) per cell, respectively. As reported earlier (13atra et al. I976) relatively high m.o.i, were required to stop the chick heart cell beat in a minimum period of time after virus replication. In the present study, high m.o.i, were employed primarily to keep experiments uniform with those of other chick heart celI-HSV studies, allowing useful comparisons. The m.o.i, for inoculation of aggregates was calculated by estimating the number of cells comprising the washed aggregates in a flask. These estimates were obtained by counting the number (usually ~oo to 20o) and size (50 to 25o #m diam.) of the aggregates in the flask to be infected. A value for mean cell volume of 700 #m (B. Atherton and R. L. DeHaan, unpublished data) and a ratio of cell volume/aggregate volume of 0.8 (Sachs & DeHaan, I973) permitted a calculation of the number of cells per aggregate. After 90 min of virus adsorption in 5 % CO2 at 37 °C the preparations were washed with fresh medium and re-incubated. The virus infection of heart cultures was confirmed by sub-inoculating supernatant medium or homogenates of cells into cultures of primary rabbit kidney cells which developed characteristic cytopathic effects. In addition, HSV antigens were detected in the virus-inoculated heart cells by a direct immunofluorescence technique (Nahmias, Shore & Del Buono, 1974) , and newly replicated viruses were observed in electron micrographs of aggregates within 6 h after inoculation (our unpublished observations).
Radioisotope labelling of cells. Cells labelled with aH-leucine or 14C-leucine for use in adhesion assays were prepared by first seeding culture flasks (Falcon Plastics, Oxnard, Calif.; 75 cm2 surface area) containing 15 ml of medium, with 5 × lO 6 cells/flask and incubating in 5 % CO2 at 37 °C for 24 h. Near-confluent monolayers were then washed and incubated in fresh medium containing I o #Ci/ml of aH-leucine or l~C-leucine (5 Ci/mmol, 25 mCi/mmol, respectively; New England Nuclear, Boston, Mass.). Approximately 24 h later, cell monolayers were washed and incubated in label-free medium for at least 4 h. Subsequently, cultures were inoculated either with virus or heat-inactivated virus (mockinoculated), or were left uninoculated. Cells were removed with o'o5 % trypsin, washed three times and resuspended in medium. Over 95 % of the radioactivity in these cell suspensions could be precipitated with cold 5 % trichloracetic acid.
Adhesion assay. In the assay used to measure cell adhesion, modified after Walther et al.
(I973), the rate of attachment of single cells in suspension to an underlying cell monolayer was measured. The assay was initiated by washing a confluent cell monolayer and overlaying it with I ml of a suspension of aH-leucine-labelled single cells (1 × IO 5 cells/ml), previously virus-infected, mock-infected, or uninoculated. Cultures were then incubated in 5 ~o CO2 at 37 °C on a reciprocal shaker at 5o strokes/min. At 5 min intervals, dishes were removed from the shaker, the cell suspension quickly aspirated off, and monolayers gently washed with warm medium to remove non-adherent cells. Monolayers, with adherent cells, were lysed with I ml of I N-NH4OH. The lysate was transferred to vials containing 15 ml of scintillation fluid (toluene-Triton X-Ioo [2:I] mixture, 8.25 g PPO and I88 g dimethyl POPOP per litre of toluene) and counted for I rain in a Beckman LS-3oo liquid scintillation spectrometer. Assays were also performed in which the underlying cell sheet was infected instead of the single cell suspension and in which both suspension and monolayer were infected. In these cases, a heavier seeding of the dish (2 × I0 6 cells/dish) was required to ensure that no areas of plastic substratum were left uncovered by the monolayer. Homotypic adhesion was tested with both the cell suspension and attached monolayer comprised of 7-day heart cells. Heterotypic attachment was measured by allowing heart cells to adhere to a monolayer of HEp-2 cells. In tests for nonspecific attachment, the heart-cell suspension was allowed to settle directly on the surface of the plastic dishes.
In all cases, the percentage of total counts in the cell suspension that remained adherent to the washed monolayer (or dish) was expressed as percentage of cells adhered. Rates of cell attachment (% cells adhered/min) were determined from the linear portion of the adhesion curves, obtained by plotting percentage of cells adhered against time.
RESULTS
Suspensions of chick heart cells, inoculated with HSV and allowed to gyrate for I8 to 20 h, formed only a few small, pleiomorphic, loose clusters of cells, generally 25 to 50 #m in largest dimension (Fig. Ia) . In contrast, similar suspensions inoculated with heatinactivated virus produced smooth, spheroidal, spontaneously beating-aggregates of the 28-~ Pre-formed aggregates, prepared by 20 h of gyration of uninfected chick heart cells, were inoculated with HSV-L and were either incubated on a gyratory shaker or allowed to adhere to the bottom of a culture dish. The virus-inoculated aggregates, after gyrating for an additional 24 h, became roughened in appearance due to the loosening and sloughing-off of some of their peripheral cells (Fig. ~ c) , and stopped beating. Mock-inoculated aggregates, on the other hand, retained their normal morphology and continued to pulsate regularly.
When plated out into dishes, both infected and mock-inoculated aggregates attached readily to the dish bottom. However, cells migrating from the periphery of inoculated aggregates (Fig. I d) failed to form a confluent 'halo' around the aggregates, in contrast to those of mock-inoculated ones (Fig. I e) . In addition, when uninfected aggregates were allowed to attach to the dish bottom and to form a halo of outgrowing cells around the aggregate periphery, subsequent HSV infection caused these peripheral cells to round up and loosen their attachments (Fig. If) . This loss of contact was not observed in the mockinoculated aggregates, whose peripheral cells remained confluent and well spread (Fig. I e) . Results from a typical adhesion assay comparing the rate of attachment of chick heart cells to homotypic or heterotypic cells (HEp-2), and to substratum (plastic) are presented in Fig. 2 . Uninfected cells in suspension attached rapidly to the underlying homotypic cell monolayer and to the plastic dish, and much more slowly to the HEp-2 cell monolayer. The rates of cell attachment were generally linear with time in the first 2o to 25 min, after which a plateau was reached. During the 45-min period of the adhesion assay, about 45 %, 35 % and IO % of the single heart cells adhered, respectively, to the heart cell monolayer, the plastic dish and the HEp-2 cell monolayer.
Single heart cells infected with HSV-~ adhered to an uninfected homotypic monolayer ( Table ~ ) also demonstrated that virus-induced reduction in homotypic adhesiveness developed within 6 h after inoculation and increased only slightly thereafter. The differences observed between the cell adhesion of infected and mock-infected cells could have resulted from the detachment, during shaking, of cells in the underlying monolayer. To explore this possibility, a double-label experiment was performed in which 14C-leucine-labelled monolayers were overlaid with a suspension of all-labelled single cells, either infected with HSV-I or mock-infected, and shaken for an additional 45 rain. Counts of the supernatant medium revealed that less than 5 % of the labelled cells were lost during the 45 min of shaking. The 14C-counts were essentially similar for both infected and mockinfected cells, whereas the 3H-counts exhibited the same differences in percentage attachment as noted in Fig. 3 . Furthermore, the rate of attachment (o'38 to o'44) did not depend upon which cell population was infected (Table 2) . Heterotypic attachment of mock-infected heart cells to a HEp-2 monolayer was markedly slower than their rate of homotypic adhesion (compare Fig. 2) , and was not further reduced by infection of the heart cells used in the suspension (Fig. 4) . In contrast, the rate of nonspecific attachment of heart cells to plastic was reduced by about a quarter in infected cells, as compared to mock-infected controls (Fig. 4) .
DISCUSSION
Cellular adhesiveness is an ambiguous term. Operationally, it has been taken to mean: 0) the tendency of cells to form attachments; (2) permanence of attachment, i.e. the tendency of an adhesive contact, once formed, to endure; or (3) adhesive strength, i.e. the force required to break an adhesion. Moscona (I956) demonstrated that a suspension of cells would form aggregates when swirled on a gyratory shaker. He related the size of these aggregates and their tendency to sort out into tissue types to cellular adhesiveness. Steinberg and his colleagues have provided substantial evidence that the equilibrium configuration of cells after such sorting out is related to the adhesive-flee energy (i.e. adhesive strength) of the cell contacts (see Steinberg, I975 for review). Cells also exhibit differential adherence to plastic and other non-cellular surfaces, depending upon the molecular structure of the substrate or materials with which they are coated (Moore, 1976) . In such cases, the 'nonspecific' adhesive strength can be assessed by the rate of attachment or by the force required to remove attached cells from a given surface (Weiss, I96I ) .
Preferential attachment rates of cells to each other have been measured by a variety of methods. Orr & Roseman (1969) determined the rate at which single cells adhered to each other to form doublets and cell groups. Roth & Weston (1967) used a 'collecting aggregate' assay in which the number of labelled cells that adhered to the surface of unlabelled aggregates was taken as a measure of adhesive affinity. Walther et al. (1973) introduced the collecting sheet method, employed here, with which the attachment rate of cells in suspension to an underlying monolayer or to the surface of the culture dish was the measure of cell adhesion. It should be noted that conditions that favour the rate of attachment may be different from those which promote formation of large aggregates (Morris, ~976) or optimize other aspects of adhesive behaviour (Moyer & Steinberg, 1976) .
The main finding reported here is that infection of embryonic heart cells with HSV reduced their attachment rate in a specific fashion. The rate of homotypic adhesion declined to one-fifth (HSV-I) or one-tenth (HSV-2) of control values (Fig. 3) , whereas the rate of nonspecific attachment to plastic remained at about 75 % of controls (Fig. 4) . Heterotypic adhesion to HEp-2 monolayers was not changed by HSV infection of the heart cells in suspension. Most of the reduction in adhesiveness became evident within 6 h after infection (Table 1) , obviating the argument that the diminished attachment rate might be related to cell death or disruption of cell membranes. Even at i2 h after infection, 92 % of the cells in infected heart-cell monolayers continued to exclude trypan blue (Batra et aL I976) and their pattern of release of 51Cr was not significantly different from mock-infected controis (our unpublished observations).
There are at least three mechanisms that might underlie the loss of adhesiveness observed in the present report: (0 general suppression by HSV of cellular protein synthesis or energy metabolism; (2) loss of one or more specific molecules from the cell surface that are required for attachment; or (3) insertion into the cell membrane of virus-directed proteins that modify adhesion.
Little is known about the effects of HSV infection on the energy metabolism of cells; however, it has been demonstrated that synthesis of host-cell proteins ceases within 4 h after infection with HSV (Heine, Spear & Roizman, I972; Honess & Roizman, I975) . There is increasing evidence that specific surface macromolecules may be involved in the mechanism of cell adhesion (Moscona, I974; Roseman, I974; Moore, 1976) and in its specificity (Culp, I974)-Thus, if such macromolecules have rapid turnover rates, they might disappear from the cell surface within a few hours after host-cell protein synthesis is blocked.
It must also be considered that infection merely prevents ceils from replacing surface molecules that are removed by the trypsinization step used in harvesting the cells. Most of the methods mentioned earlier for measuring aspects of cell adhesiveness employed cells isolated from tissues by trypsin dissociation. Nonetheless, it is well established that trypsin removes materials from the cell surface (Buck, Glick & Warren, I97I; Hynes, I973) , decreases the differences in rate of aggregation of different cell types (Cassiman & Bernfield, 1976) , and alters the adhesive behaviour of cells (Weiss & Kapes, I966; Balsamo & Lilien, I974) . Several hours of 'recovery' after trypsin treatment may be required before maximal adhesion rates are re-established (Steinberg, Armstrong & Granger, 1973; McClay & Baker, I975) . Adhesive recovery can be prevented by general inhibitors of protein synthesis (Steinberg et aL I973; McClay & Baker, I975; Cassiman & Bernfield, I976) . In recent experiments we have shown that 7-day heart cells fail to reaggregate in medium containing Io #g/ml cycloheximide, sufficient to reduce amino acid incorporation to about Io% of control values (E. H. Williams & R. L. DeHaan, unpublished data).
A more specific mechanism whereby HSV could reduce adhesiveness is by causing the loss of a normal surface adhesive component. Virally transformed cells undergo a variety of behavioural changes, among which are complex alterations in their adhesive behaviour toward other cells (Dorsey & Roth, I973; Moore, I976; Gershman et al. I976) . Hynes (I973) described a trypsin-labile glycoprotein (tool. wt. z5oooo) that is readily detectable at the surface of intact normal cells, but which decreases greatly in amount or disappears from cells transformed by oncogenic viruses. Moreover, there is suggestive evidence that large surface proteins or glycoproteins may mediate aspects of cellular adhesiveness (Onodera & Sheinin, I97o; Culp, I974) . It is not known whether productive virus infections also lead to the loss of surface molecules.
Finally, it must be considered that a product(s) synthesized under the direction of the virus genome may result directly in the observed reduction in homotypic attachment rates. Spear, Keller & Roizman 097o) and Honess & Roizman (I975) have shown that HSV induces the synthesis of a novel set of glycoproteins in HEp-z-infected cells. Glycosylation of the virus-specified polypeptides was found to occur late in the virus growth cycle, being synthesized at increasing rates until I z to 15 h post-infection. These biochemical changes correlate well with the attachment rates we have observed 6 h after infection, which became maximal by ~2 h post-infection (Table I) . Further experiments are needed to determine which, if any, of the specific gene products may be responsible for the adhesive changes.
It is well documented that productive infection of cells by HSV results in alterations in
cell surface properties, including the binding of plant lectins (Tevethia et al. 1972 ) and the frequency of cell fusion (Poste, I97O). Such changes, as well as the morphological alterations observed in the infected pre-formed aggregates (Fig. I) are probably related to virus effects on cell adhesive mechanisms. However, we believe this to be the first report that describes directly a measurable alteration in a well-defined aspect of adhesive behaviour as a result of a productive virus infection.
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